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Abstract 
This work deals with the hydration of a calcium sulfoaluminate (CSA) eco-cement prepared with 
bassanite and different additives (type and content) at a fixed water/CSA ratio of 0.5. Pastes 
prepared with bassanite show high water demands, high viscosity values and short initial setting 
times which are related to the fast dissolution rate of bassanite and the subsequent precipitation of 
gypsum. These facts have a dramatic effect onto the mechanical strength values, and make 
necessary the addition of additives. 
Here, the addition of different amounts of specific retarders (polycarboxylate, tartaric acid and 
phosphonic acid) not only improved the workability of pastes and mortars, but also delayed the 
setting time, by modifying the dissolution rates of the phase(s), and improved mechanical strengths. 
Finally, mortars with high compressive strengths (46 and 84 MPa at 1 and 7 days of hydration, 
respectively) and, chiefly, tailored setting times with high strengths have been prepared. 
 
Keywords: X-Ray Diffraction analysis, Hydration, Compressive Strength, Sulfoaluminate.
* Corresponding author. Tel.: +34952131992; fax: +34952131870. E-mail: isantacruz@uma.es 
1 
 
                                                        
1. Introduction 
Calcium sulfoaluminate (CSA) cements are obtaining increasing attention because, in their 
fabrication, they release lower amounts of CO2 (up to 40% less) than ordinary Portland cement 
(OPC) [1,2,3,4,5]; because of that, they are considered as eco-cements. This reduction of emissions 
depends on the CSA composition. Although CSA can show different compositions, they always 
contain more than 50 wt% of ye´elimite (also named as Klein’s salt or tetracalcium trialuminate 
sulfate (C4A3S)) [5,6]. Cement nomenclature will be used hereafter: C=CaO, S=SiO2, A=Al2O3, 
F=Fe2O3, S=SO3, M=MgO, T=TiO2 and H=H2O. In addition, other phases, such as C2S, CA, 
C4AF, CSH2, CSH0.5, CS, and so on, may also be present in their composition [7]. The main 
performances of these eco-cements are high early strength, fast setting time, good chemical 
resistance and, depending on the amount of the added sulfate, these cements can also be used as 
constituents of self-leveling materials [8,9,10,11]. Three steps take place during the hydration of 
cement pastes: the dissolution of anhydrous phases, the precipitation of new phases, and the 
consumption of free water.  
In the case of CSA, both ye´elimite and sulfate source (for instance bassanite, CSH0.5) are dissolved 
and consequently, ettringite (C6AS3H32, also called AFt) and amorphous aluminum hydroxide 
(amorphous-AH3) are formed, according to Eq. 1. The quantity of precipitated ettringite at early 
ages depends on the solubility of the calcium sulfate (gypsum, anhydrite or bassanite) 
[9,10,11,12,13]. Hence, the selection of the sulfate source (type and amount) is a key point to 
achieve the desired properties, mainly at early ages [9,12,13]. Bassanite (CSH0.5) in contact with 
water suffers from an intergranular attack with the consequent increasing of its surface area and 
hence, its water demand. In addition, a primary gypsum precipitation usually happens [12], 
according to Eq. 2. Both facts will increase the viscosity of the paste, and the latter will also 
strongly reduce the initial setting time. Thus, it will have dramatic effects onto the mechanical 
properties. 
C4A3S + 2CSH0.5 + 37H  C6AS3H32 + 2 AH3-gel      Eq. 
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(1) 
CSH0.5 + 1.5H  CSH2         Eq. (2) 
However, the addition of selected additives (retarders and/or specific superplasticizers) may well 
slow down the reactions and improve the workability [12]. Retarders are usually added for that, but 
some superplasticizers, such as polycarboxylates, also delay the setting time [14]. The addition of a 
very small amount of polycarboxylate (0.02 wt%) demonstrated to improve the 
workability/flowability of a CSA paste prepared with bassanite without a substantial delay of the 
setting time, producing heterogeneous mortars with poor compressive strengths [12]. Thus it is 
essential to add the right amount (and type) of additive to retard the setting time, reduce viscosity 
and hence improve the performances of the corresponding cements and mortars.  
Carboxylic acids, salts of lignosulfonic acid, carbohydrates and sodium gluconates are commonly 
used as set retarders in the cement hydration. Many of these compounds can be also found in water-
reducer formulations (superplasticizers) [15]. Citric acid, tartaric acid, salt of phosphono alkyl 
carboxylic acids, malic acid [16] and some phosphorous compounds such as 
nitrilotris(methylene)triphosphonate can be used for more specialized applications [15], such as 
retarders for CSA eco-cements [16]. Retarders can be prepared as both admixtures to be added to 
the cement, or in the cementitious formulation.  
The retarder mechanism [15,17] is thought to be mainly related to: (i) surface adsorption of 
retarders onto the anhydrous particle surfaces; (ii) calcium-complexation that prevents the 
precipitation of some phases; (iii) formation of a semi-permeable layer that will collapse by osmotic 
pressure gradients. 
The second and third mechanisms are now generally considered unlikely: the former because very 
strong chelaters can be moderate retarders [18] and the latter due to direct SEM observations [19]. 
Thus, the first mechanism is the widest accepted. For example, Bishop and Barron [20] proposed 
the mechanism of “dissolution–precipitation” for phosphonic acids as an special case of the first 
mechanism (surface adsorption of retarders directly onto anhydrous surface), and consists of two 
3 
 
steps: i) dissolution (calcium is extracted from the surface of the cement grains and then the 
aluminum-rich surface is exposed), and ii) precipitation (the soluble calcium phosphonate 
oligomerizes on the particle surface or in the solution and, in the former, it will inhibit/retard further 
hydration). 
Superplasticizers are also adsorbed onto the surface of the cement particles, including CSA based 
eco-cements [21], promoting the dispersion of the particles due to electrostatic, steric or 
electrosteric repulsions [22,23,24]. Some studies [25,26] showed that sulfate is also adsorbed onto 
the surface of the clinker grains, in competition to the adsorption of the superplasticizer. This 
behavior strongly depends on the amount of both calcium and sulfate in contact with the hydrating 
aluminate phase, as well as their structure [27,28]. The effectiveness of superplasticizers depends 
on different parameters [22], such as the properties of the materials (surface, size and type of both 
cement particles and additives), the amount of added additive, and the preparation of the paste 
(order of addition, temperature and time passed since end of mixing). Thus, the addition of 
superplasticizers also modifies the setting time, viscosity, thermal stability, and will definitely affect 
the strength development, and durability of mortars and concrete [29]. 
This work is part of a deep study on CSA eco-cements. The amount of the sulfate source was 
previously optimized elsewhere [30] through phase assemblage and mechanical strenght 
measurements, and also the effect of different sulfate sources [12] was studied. Due to the short 
setting time of bassanite-pastes the hydration and performances of the corresponding pastes and 
mortars are expected to be controlled/improved through the addition of additives. Thus, the 
objective of this work is to control the hydration, including setting time, of a CSA cement paste 
prepared with 25 wt% of bassanite at a water/cement ratio of 0.5 through the addition of different 
additives (type and content). This study includes the characterization of the first hours of hydration 
through rheology, setting time determination, impedance spectroscopy, temperature evolution and 
in-situ laboratory X-ray diffraction. Moreover, the phase assemblage of cement pastes at 1 and 7 
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days of hydration has been determined and correlated to the compressive strengths of the 
corresponding mortars. 
 
 
2. Materials and methods 
2.1. Materials 
2.1.1. Preparation of anhydrous cements 
CSA clinker (industrially produced in China) and commercial micron-sized natural gypsum (CSH2) 
both marketed by BELITH S.P.R.L. (Belgium) were used as raw materials. Bassanite (CSH0.5) was 
prepared by heating the as received gypsum at 90ºC for 48 h. Calcium sulfoaluminate cements were 
prepared by mixing CSA clinker with 25 wt% of bassanite. The elemental analyses of both 
commercial raw materials (CSA clinker and gypsum) determined by X-ray fluorescence (XRF) are 
provided as supplementary information (Table S1). Blaine fineness values of CSA, gypsum and 
bassanite are 3497±25, 2600±51 and 2877±69 cm2/g, respectively. 
2.1.2. Cement paste preparation. 
Cement pastes were prepared with distilled water at a water/cement (w/c) mass ratio of 0.5. 
Different amounts (from 0 to 0.45 wt% of active mater referred to cement content) of three 
additives were added to water (prior to the addition of the cement) for a better comparison: i) a 
commercial polycarboxilate-based superplasticizer, Floadis 1623 (Adex Polymer S.L., Madrid, 
Spain), with 25 wt% of active matter, labeled as PC; ii) tartaric acid (Adex Polymer S.L., Madrid, 
Spain), named TA hereafter; and iii) nitrilotris(methylene)phosphonic acid (Sigma-Aldrich), labeled 
as PA. PC is generally used as superplasticizer (although the used polycarboxylate also retards the 
hydration), and TA and PA as retarders. 
Pastes with the selected amount of each additive, and also without additives for the sake of 
comparison, were prepared in an agate mortar and poured into a hermetically closed 
polytetrafluoroethylene (PTFE) cylinder shape mold [12] with 2.8 cm3of volume and rotated, during 
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the first 24 h, at 15 rpm at 20±1ºC. This was performed to fully assure the homogeneity of the 
pastes during the first hours of hydration. Then, samples were taken out and stored within distilled 
water at 20±1ºC until further characterization. 
 
2.1.3. Stopping cement hydration. 
The as-prepared cement pastes were milled into fine powder in an agate mortar at 1 and 7 days of 
hydration, and then the hydration was stopped. For that, the powder was washed twice with acetone 
(Prolabo S.A.) and once with diethyl ether (Prolabo S.A.) in a Whatman system (70 mm diameter 
Whatman filter with a pore size of 2.5 μm and a Teflon support) [12,31,32]. The obtained powder 
was kept into a desiccator to avoid any hydration or carbonation. 
 
2.2. Characterization. 
2.2.1. Rheological behavior. 
Pastes for rheological characterization were prepared by mechanical stirring with helices according 
to EN196-3:2005 standard procedure. A viscometer (Model VT550, Thermo Haake, Karlsruhe, 
Germany) with a serrated coaxial cylinder sensor, SV2P, provided with a solvent trap to reduce 
evaporation was used to perform the rheological measurements of as-prepared fresh pastes. Two 
different measurements were performed: i) flow curves (controlled rate measurements); here, ramp 
times of 6 s were recorded in the shear rate range between 2 and 100 s-1, for a total of 12 ramps. A 
further decrease from 100 to 2 s-1 shear rate was performed by following the same ramp times. ii) 
viscosity vs. time measurements, at a fixed shear rate of 4 s-1, for a maximum time of 150 min. Prior 
to any rheological measurement, all pastes were pre-sheared for 30 s at 100 s-1 [33] and held at 0 s-1 
for 5 s in the viscometer. 
2.2.2. Setting time 
The setting time of every paste was determined using the Vicat test method according to UNE-EN 
196-3:2005 (20ºC and 100% of relative humidity (RH)). 
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2.2.3. Impedance spectroscopy 
A home-made cell capable to simultaneously measure temperature and impedance spectroscopy of 
cement pastes was used during the first 25 h of hydration [12]. It consists on an expanded 
polystyrene (EPS) hermetic prismatic shape-cell (30x30x50 mm3) with two stainless steel 
electrodes placed inside. In all cases, 60 grams of cement paste were poured. Impedance spectra 
were obtained, at room temperature, using a frequency response analyzer (Solartron 1260) 
(frequency range of 5 Hz to 1 MHz) with an ac perturbation of 200 mV. Electrical data were taken 
every 15 min. The ZView program was used to analyze the spectra [34]. A K type-thermocouple (± 
1ºC), placed in the middle of the cell, was used to measure the temperature. 
2.2.4 Laboratory X-Ray Powder Diffraction (LXRPD). 
On the one hand, in-situ LXRPD studies were performed on pastes during the first 16 hours of 
hydration in a MHC-trans multisample humidity chamber (25ºC and 95% RH) (Anton Paar), which 
works in transmission mode using molybdenum radiation. The amorphous (and free water) content 
was determined by adding ~20 wt% of quartz (ABCR, 99.56%), as an internal standard, previously 
to the anhydrous cement powder. Mo-Kα1 powder patterns were collected on a D8 ADVANCE 
(Bruker AXS) diffractometer (188.5 mm of radius) prepared with a Johansson [Ge (111) primary 
monochromator], which provides a strictly monochromatic Mo radiation (λ=0.7093 Å) in 
transmission geometry (θ/θ) [35]. A constant volume was irradiated. The X-ray tube worked at 50 
kV and 50 mA. The optics configuration was a fixed divergence slit (2 mm) and a fixed diffracted 
anti-scatter slit (9 mm). The energy-dispersive linear detector LYNXEYE XE 500 μm, optimized 
for high energy radiation, was used with the maximum opening angle. Using these conditions the 
samples were measured between 2-27º (2θ) with a step size of 0.01º and with a total measurement 
time of 15 min. 
On the other hand, LXRPD studies were performed, at 1 and 7 days of hydration, on both 
anhydrous cement and cement pastes (after stopping hydration). Patterns were recorded on an 
X'Pert MPD PRO diffractometer (PANalytical) in reflection geometry (θ/2θ) using strictly 
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monochromatic CuKα1 radiation (λ=1.54059Å) [Ge(111) primary monochromator]. The X-ray tube 
worked at 45 kV and 40 mA. The optics configuration was a fixed divergence slit (1/2°), a fixed 
incident antiscatter slit (1°), a fixed diffracted anti-scatter slit (1/2°) and X'Celerator RTMS (Real 
Time Multiple Strip) detector working in scanning mode with maximum active length. Data were 
collected, during ∼2 hours, from 5º to 70° (2θ). The samples were rotated at 16 rpm to enhance 
particle statistics. G-factor approach [36,37] requires the collection of an external standard pattern 
in identical diffractometer configuration/conditions than the sample and as close in time as possible 
to the measurements to determine the diffractometer constant. A polished polycrystalline quartz 
rock was placed in the diffractometer in the very same orientation and a pattern was collected with 
the same experimental set up detailed above except for the spinning of the sample. The suitability of 
this quartz-rock was tested against NIST standard reference material SRM-676a (α-Al2O3) [38]. 
2.2.5. LXRPD Data Analysis. 
LXRPD patterns of all samples were analyzed by the Rietveld method using the GSAS software 
package [39] to obtain the Rietveld quantitative phase analysis (RQPA). The refined overall 
parameters were: zero-shift error, peak shape parameters, cell parameters, phase scale factors and 
preferred orientation when appropriated. Peak shapes were fitted through the pseudo-Voigt function 
[40] corrected for axial divergence [41]. The Amorphous and Crystalline non-quantified (ACn) 
content of the stopped-hydration samples was determined through the external standard method (G-
factor) for pastes at 1 and 7 days of hydration after stopping hydration (reflection mode) [36,37,42]. 
ACn content computes not only the amorphous fraction but also any non-computed crystalline 
phase and any misfit problem (for instance the lack of an adequate structural description for a given 
phase). 
The internal standard method [42] has been used to determine not only ACn content but also the 
amount of free water in the in-situ study. 
2.2.6. Thermal analysis. 
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Differential thermal (DTA) and thermogravimetric (TGA) analyses of ground fractions (~40x10-3 g) 
of every paste at the hydration times of 1 and 7 days (after stopping hydration), were carried out in a 
SDT-Q600 analyzer (TA instruments, New Castle, DE). The temperature was increased from room 
temperature (RT) to 1000ºC at 10 ºC/min. The study was performed in an open platinum crucible 
under nitrogen flow. The weight lost from RT to 600ºC was considered as chemically bounded 
water and that from 600 to 1000ºC was assumed to be CO2.  
2.2.7. Compressive strengths. 
Standard mortars with water/CSA/sand ratios of 0.5/1/3 were mechanically homogenized according 
to EN196-1. CEN standard sand (DIN EN 196-1) was used. Cubic samples of 30×30×30 mm3 were 
cast and then de-aired in a jolting table (Model UTCM-0012, 3R, Montauban, France) with a total 
of 120 knocks. Molds were half cast and knocked for 60 times for a better homogenization. After 
that, they were fully cast and other 60 knocks were carried out. The cubes were kept at 20±1ºC and 
99% RH during 24 hours. Subsequently, samples were demolded and left within a water bath at 
20±1ºC until measurements were performed. Compressive strengths of mortars were measured at 1, 
3, 7 and 28 days in a compression press (Model Autotest 200/10 W, Ibertest, Madrid, Spain) 
according to EN196-1 and at a rate of 1.5 MPa·s-1. The reported values are the average of three 
broken cubes. The as-obtained compressive strength values were corrected by a factor of 1.78; this 
factor is obtained by dividing the compression area of the machine (1600 mm2) by the specimen 
area (900 mm2). 
2.2.8. Scanning Electron Microscopy (SEM). 
The fracture cross-sections of the cement pastes with the optimized amount of each additive, at 1 
day of hydration, were observed by scanning electron microscopy, SEM, (JEOL-JSM-840, Tokyo, 
Japan). Prior to SEM observation, the hydration of those samples was stopped by immersing them 
in isopropanol for 3 days and then heated at 40°C for 24 hours. The samples were gold sputtered. 
2.2.9. Mercury Intrusion Porosimetry (MIP). 
9 
 
The porosity of the cement pastes with the optimized amount of each additive, at 1 and 7 days of 
hydration, after stopping hydration as described in 2.2.8 section, was measured through mercury 
porosimetry (MP) using a Quantachrome (Autoscan 33, Boynton Beach, Florida, US) porosimeter. 
The corresponding pastes without any additive were also measured for the sake of comparison. The 
assumed contact angle for data evaluation was 130°. 
3. Results and Discussion 
3.1 Rheological study. 
Fig. 1 shows the deflocculation curves of CSA pastes with different amounts of the three additives: 
PC, TA and PA. All viscosity values were taken, at 50 s-1 , from the up-curves of the corresponding 
flow curves. The viscosity value of the paste without any additive is also shown for the sake of 
comparison. Pastes with similar viscosity values (0.9, 1.1 and 1.1 Pa·s at 50 s-1) were prepared by 
adding 0.04, 0.15, and 0.15 wt% of PC, TA and PA, respectively. Thus, PC resulted as the most 
efficient additive in reducing viscosity at early ages in terms of active matter contents. In addition, 
the paste with 0.10 wt% of PC showed the minimum value of viscosity (0.1 Pa·s at 50 s-1) within 
the studied experimental conditions. In the case of the other families, TA and PA-pastes, minimum 
values of viscosity were found when 0.15 and 0.20 wt% of the corresponding additives were added 
(1.1 and 0.8 Pa·s at 50 s-1, respectively). However, the latter showed an important rheopectic cycle 
(625 Pa s-1); this was reduced by 8 times, up to 79 Pa s-1, by adding a total of 0.30 wt% of PA while 
keeping similar viscosity, and thus, improving the stability of the paste. 
Figs. 2.a, 2.b and 2.c show the evolution of viscosity with time of pastes with different amounts of 
PC, TA and PA, respectively, at 4 s-1. The selected shear rate is low enough for not destroying the 
structure and high enough for obtaining trustable data. The viscosity of all these pastes increased 
with time, as expected. The behavior with time of the paste without additive was not possible to be 
measured due to the combination of its high viscosity and fast setting time. On the one hand, PC-
pastes (Fig. 2.a) do not show a significant delay in viscosity increase when small amounts of 
superplasticizer were added, e.g. 0.04 and 0.05 wt%, although the initial viscosity slightly decreased 
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by increasing the addition of additive (Fig. 1). However, by increasing this additive content, from 
0.10 to 0.35 wt% of PC, the rising in viscosity is harshly delayed. On the other hand, the rising in 
viscosity with time of pastes with 0.15, 0.20 or even 0.45 wt% of TA (Fig. 2.b) was not affected by 
those studied TA contents. In addition, the evolution with time of these pastes resulted to be 
between pastes with 0.05 and 0.10 wt% of PC. 
In the case of pastes with PA (Fig. 2.c), the viscosity also increases with time, as expected, and that 
rising in viscosity is delayed by increasing the additive content. PA-pastes show a local minimum of 
viscosity after 17 or 33 minutes when 0.15 or 0.30 wt% of PA, respectively, were added. That local 
minimum may represent a stable zone where the structure of aggregates is being destroyed by shear 
stress, and viscosity rises again when hydration progresses and the bonding strength between 
particles increases [43].  
This rheological characterization allows the design of pastes (type and amount of additive), and thus 
mortars, with different evolution of viscosity (and setting time) maintaining a good flowability. 
When pastes with the same amount of active matter of additive, e.g. 0.15 wt%, are compared, PC is 
the most effective retarder, followed by PA-paste, and finally, TA-paste. Within the first 16 minutes, 
the viscosity of both TA and PA pastes rise in a similar way, but after that, their viscosities develop 
differently. These different trends may well be related to the number of anchor sites, where the 
highest one is for polycarboxylate, followed by the phosphonic acid (a maximum of 6 sites at 
alkaline pH values) [44], and tartaric acid (a maximum of 4 sites at alkaline pH) [45]. 
Pastes with 0.10, 0.15 and 0.30 wt% of PC, TA and PA, respectively, were selected and further 
compared since they show the minimum initial viscosity value and rheopectic cycle of each family 
with an adequate delay in rising viscosity with time. For a better/easier comparison, Fig. 2.d depicts 
the evolution of viscosity with time of those selected pastes. The paste with 0.10 wt% PC presented 
the lowest viscosity during the first 30 minutes of hydration; after that time it showed a sharp 
increase until 400 Pa.s. However, the paste with 0.30 wt% of PA showed the slowest rising of 
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viscosity after the first 30 min, and it takes around 100 minutes to gain 400 Pa.s. Finally the 
viscosity of the paste with 0.15 wt% TA increased quickly, 20 min, from the beginning.  
3.2 Setting time and impedance spectroscopy results. 
Table 1 reports the initial and final setting times of the three selected pastes from the VICAT 
measurements. The corresponding values for the paste without any additive are also shown for the 
sake of comparison. The setting time shows the same trend explained before for the viscosity 
curves, where the addition of PA delays considerably the initial setting time, and PC and TA pastes 
show similar setting values.  
A deeper study was performed on these selected pastes (0.10, 0.15 and 0.30 wt% of PC, TA and PA, 
respectively) by impedance spectroscopy. As an example, Fig. 3.a shows the complex impedance 
plots as a function of time for the TA-paste. Similar plots were obtained for the other selected pastes  
and the only difference consists on the absolute value of resistance. At short hydration times, pastes 
show high conductivity values and low frequency effects were observed in the form of an inclined 
spike. Conductivity decreases with the hydration time, thus data show a single broad arc at high 
frequencies, which size increases with time. The total resistance data are obtained from the 
interception of the spike and/or the arc (low frequency end) on the Z’ axis. In all cases, the 
resistance increases approximately 4 orders of magnitude after 25 hours due to the gradual 
hydration of the pastes. Initial conductivity values of 2.8x10-3, 2.6 x10-3 and 3.3x10-3 S·cm-1, and 
final conductivity data of 2.2x10-5, 8.1x10-6 and 2.1x10-4 S·cm-1 were obtained for PC, TA and PA 
pastes, respectively. PC and TA pastes show similar initial conductivity values; PA-paste shows the 
highest value of initial conductivity, which is related to the highest concentration of ions in 
dissolution. These data were taken at 10 min of hydration, time required for tunning the 
conductivity system. At the end of the measurement (after 25 h), the obtain final conductivity is 
almost negligible, being slightly higher for the PA-mortar, in agreement with the longest setting 
time, and hence higher amounts of ions in water pores. 
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Conductivity data were also converted to a normalized form called conversion fraction (α), ranging 
from 0 to 1, to study the progress of the reaction with time. The conversion fraction at different 
hydration times α(t) was calculated using the relative change in the electrical conductivity during 
hydration using the following empirical equation:  
α(t)= σ0-σ (t)/(σ0-σ∞)          Eq. 
(4) 
where σ0 and σ∞ are the respective conductivities at the beginning and the end of the 
transformation process, respectively, and σ(t) is the conductivity at time t between these two limits. 
Fig. 3.b shows the evolution of the conversion fraction with time for the three selected pastes within 
the first 25 hours of hydration. These profiles were mathematically fitted by a non-linear regression 
model using the following Boltzmann sigmoidal model, shown in Eq. (5): 
α(t) =  α0 + α∞− α0
1+e
t−t0
Δt
          Eq. (5) 
Where α0 and α∞ are the conversion fraction at the beginning and after network formation at long 
times, respectively. The induction time, t0, corresponds to the time necessary to reach a conversion 
fraction of 0.5 and ∆t, the time or rate which describes the steepness of the curve, with a large value 
denoting a shallow curve. The latter corresponds to the “rate of conversion” related to the electrical 
conductivity of the material. These parameters are marked in Fig. 3.b for PA-paste. 
Many authors have used a Boltzmann sigmoidal model to describe viscous fluids undergoing a 
setting reaction including starch, photopolymerizable acrylates and gels [46,47,48]. In our case, the 
Boltzmann sigmoidal model represents successfully the dynamics of the hydration of the three 
pastes with R2 correlation factors higher than 0.999. PA-paste presents both the largest induction 
(414 min) and “rate of conversion” (135 min) times. When 0.10 wt% of PC was added to the paste, 
lower values of induction (170 min) and “rate of conversion” (19 min) times were found. Finally, 
the TA-paste shows the fastest reaction kinetics with the lowest values of both induction (101 min) 
and “conversion” (14 min) times. These results are in full agreement with the viscosity curves (Fig. 
13 
 
2.d). Fig. 3.c shows the variation of temperature (related to the heat released during hydration) in 
the measuring cell. The temperature of all pastes increases up to a maximum value,  
which corresponds to a transformation of α~0.5. This rising in temperature happens firstly to the 
TA-paste (145 min), secondly to the PC-paste (215 min), and finally for the PA-paste, in agreement 
with Figs. 2.d and 3.b. To understand this behavior in-situ LXRPD of the pastes during the first 
hours of hydration has been performed. 
3.3 Phase assemblage (laboratory x-Ray powder diffraction). 
It is known that the transformation of bassanite into gypsum will increase both the viscosity and 
temperature of pastes at early ages of hydration. The control of this transformation may be a key 
issue for tailoring the hydration of the pastes. Figs. 4.a and 4.b show the evolution of bassanite and 
gypsum with time, respectively, obtained from RQPA of the in-situ LXRPD study, of all the 
selected pastes, including the paste without additives. The transformation (dissolution of 
bassanite/precipitation of gypsum) happens quickly in the paste without additives, with the 
consequent dramatic effects (higher viscosity and inhomogeneity of samples). However, the 
formation of gypsum is delayed with the presence of additives; the transformation happens firstly in 
TA-paste, secondly in PC-paste, and finally in PA-paste, justifying the tendency in increasing both 
viscosity with time (Fig. 2.d) and temperature (Fig. 3.c). In addition, the lowest amount of gypsum 
formed in PA-paste is in agreement with the lowest temperature achieved (Fig. 3.c). 
Table 2 reports RQPA results for the three selected pastes at 1 and 7 days of hydration. The table 
includes both ACn and free water (FW) contents. The weighed loss data obtained from DTA–TGA 
measurements from RT to 600ºC are also included. Fig. 5 shows the Rietveld plot of the PC-paste at 
7 days of hydration where the major peaks of each phase are labeled, as a representative example. 
The Rietveld plots of the remaining pastes at 1 and 7 days of hydration as provided as 
Supplementary Information (Figures S1-S4). From Table 2, it can be seen that bassanite has 
disappeared and has been transformed into gypsum before 1 day of hydration. After 1 day of 
hydration, similar amounts of AFt were formed in the three systems (between 21 and 25 wt%) and, 
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after 7 days, the formed amounts were also similar (between 35 and 40 wt%) in all pastes. Thus, 
phase assemblage at later ages was not dramatically affected by the type of retarder at these 
hydration ages. 
3.4 Compressive strength development, porosimetry and SEM. 
The mechanical behavior of the corresponding mortars was also studied. Fig. 6 gives the 
compressive strength values of mortars prepared with the optimum amount of each retarder (0.10, 
0.15 and 0.30 wt% of PC, TA and PA, respectively), and without any additive, for the sake of 
comparison. The low values of the latter are due to the heterogeneity of the samples related to their 
short setting time (and high viscosity) related to the fast transformation of bassanite into gypsum. 
The addition of selected amounts of retarders has resulted in homogeneous mortars with high 
mechanical strengths: between 38 and 46 MPa at 1 day of hydration, and between 75 and 85 MPa at 
7 days of hydration. At 1 day of hydration, TA and PA mortars show slightly higher strength values 
than PC although the three corresponding pastes show similar open porosity values (~34 vol%) and 
similar median pore diameter (volume) (~110 nm); then that behavior may be related to their longer 
final setting time (Table 1) which provides with higher plasticity to the TA-system, allowing the 
better accommodation of ettringite [12]. PA-mortars show compressive strength values similar to 
TA-mortars since the better accommodation of ettringite is compensated with the very long final 
setting time (300 min). This was confirmed through SEM observations. As an example, Fig. S5 
(deposited as Supplementary Information) shows the SEM micrographs of fracture surfaces of PC 
(a) and PA (b) pastes at 1 day of hydration after stopping hydration; the particle size of ettringite in 
the former is considerably smaller than in the latter, although both mortars contain the same amount 
of ettringite (Table 2). Shi et al. also observed ettringite particles with different size and morphology 
by adding different additives [29].   
At 7 days of hydration, PA-mortar has the lowest compressive strengths; although the three pastes 
showed similar open porosity values (~30 vol%), PA-pastes show the highest values of median pore 
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diameter (volume) (being 150, 100 and 273 nm for PC, TA and PA-pastes, respectively), which 
reduce the mechanical properties of the corresponding mortars. 
These results point out PC as the best additive used in CSA mortars with bassanite for engineering 
applications when high compressive strength values are needed at hydration times larger than 3 
days. However, if high strength values are demanded at earlier curing ages, any of them can be 
used. The compressive strength values of mortars prepared with the combination of bassanite and 
retarders are even better than those prepared with gypsum or anhydrite without additives at any 
hydration time. For instance, bassanite mortars (with PC or TA) show compressive values of 84 
MPa at 7 days of hydration, higher than the corresponding values for mortars prepared with gypsum 
or anhydrite (65 and 70 MPa, respectively [12]).  
4. Conclusions 
Bassanite-CSA pastes show high water demand, high viscosity values and short setting times which 
has a dramatic effect onto the mechanical strength values of the corresponding mortars. It makes 
necessary the selection of a hydration retarder which also reduces the viscosity of the pastes.  
The effect of three additives (polycarboxylate, tartaric acid and phosphonic acid) on CSA pastes and 
mortars has been studied. The amount of each additive was firstly optimized (0.10, 0.15 and 0.30 
wt% of polycarboxylate (PC), tartaric acid (TA) and phosphonic acid (PA), respectively). All of 
them improved the workability of pastes, where the polycarboxylate is the best additive in reducing 
viscosity at very early ages (within the first 30 min of hydration). For the selected amounts, 
phosphonic acid resulted as the additive that most delay setting times, and pastes with 
polycarboxylate and tartaric acid show similar setting values. 
The use of different additives also affected the dissolution of ions and achieved temperature; thus, 
the phosphonic acid-paste shows the highest value of initial conductivity and suffers from a lower 
increasing in temperature that happens at longer hydration times. All these factors are related to the 
transformation of bassanite into gypsum which happens at later ages, and longer setting times. 
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The control of all these parameters allows the improvement of the mechanical strengths. For 
instance, mortars with 0.10 wt% polycarboxylate show the highest values of compressive strength 
at hydration times ≥ 3 days (71 and 84 MPa at 3 and 7 days, respectively); however, at earlier ages 
(1 day), the three mortars show similar compressive values, slightly lower for the polycarboxylate 
ones (38, 46 and 44 MPa, for polycarboxylate, tartaric acid and phosphonic acid pastes, 
respectively). 
All these parameters can be controlled, making possible the design and preparation of mortars with 
selected properties for specific engineering applications. 
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Figure Captions 
Fig. 1. Deflocculation curve of CSA pastes with the three additives, polycarboxylate (PC), 
phosphonic acid (PA) and tartaric acid (TA). 
Fig. 2. Evolution of the viscosity with time of the pastes with different amounts of polycarboxylate 
(a), tartaric acid (b), phosphonic acid (c), and the comparative of pastes with 0.10, 0.15 or 0.30 wt% 
of PC, TA and PA (d). 
Fig. 3. Complex impedance plots as a function of time for paste with 0.15 wt% of TA (a), evolution 
of the conversion fraction (b) and temperature (c) with time for the three selected pastes (0.10, 0.15 
or 0.30 wt% of PC, TA and PA, respectively) within the first 25 hours of hydration of the same 
pastes. The solid line in Fig. 3b is the fitting result to the Boltzman sigmoidal model. 
Fig. 4. Phase evolution of Bassanite (a), and Gypsum (b) (in weight percentage) with time, within 
the first 1000 min of hydration. 
Fig. 5. Rietveld LXRPD plot (λ=1.54 Å) for the paste prepared with 0.10 wt% PC at 7 days of 
hydration. 
Fig. 6. Compressive strength values of mortars prepared at different hydration times using retarders 
and superplastizicer (0.10, 0.15 or 0.30 wt% of PC, TA and PA, respectively). Results for the 
mortars without additives are also shown for the sake of comparison. 
Table 1. Initial and final setting time of the selected pastes from Vicat test. 
Paste 
Initial setting 
time (min) 
Final setting time 
(min) 
w/o additives 20 60 
0.10 wt% PC 65 85 
0.15 wt% TA 65 120 
0.30 wt% PA 180 300 
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 Table 2. Rietveld quantitative phase analysis results in weight percentage (including ACn and FW) 
for the selected pastes as a function of hydration time. The data for paste without additives are also 
shown. Weighed loss values obtained from DTA–TGA measurements from RT to 600ºC are also 
included. 
  w/o additive 0.10 wt% PC 0.15 wt% TA 0.30 wt% PA 
 0 d 1d 7d 1d 7d 1d 7d 1d 7d 
C4A3S  25.5(1) 11.4(1) 4.8(1) 9.5(1) 3.7(1) 9.8(1) 4.3(1) 12.8(1) 4.3(1) 
CSH0.5 12.1(2) - - - - - - - - 
CSH2  - 8.5(1) 4.2(1) 7.5(1) 3.9(1) 7.9(1) 4.4(1) 10.0(1) 4.7(1) 
β-C2S  8.6(3) 10.9(2) 11.4(2) 10.8(2) 11.9(2) 11.7(3) 11.4(3) 11.4(3) 12.4(3) 
Arkemanite  0.3(1) 0.4(1) 0.3(1) 0.2(1) 0.3(1) 0.3(1) 0.3(1) 0.4(1) 0.3(1) 
Minor phases$ 4.9(1) 2.4(1) 2.1(1) 2.0(1) 2.2(1) 2.6(1) 2.1(1) 2.7(1) 2.5(1) 
AFt  - 20.6(1) 34.7(1) 21.8(1) 38.4(1) 25.4(1) 37.9(1) 21.2(1) 40.5(1) 
AH3  - 0.5(1) 0.7 (1) 0.5(1) 1.0(1) 0.7(1) 0.9(1) 0.7(1) 1.0(1) 
Vaterite  - 0.3(2) 0.4(2) 0.5(2) 0.6(2) 1.0(2) 0.6(2) 0.9(2) 0.7(2) 
ACn  15.3(3) 34.6(4) 38.3(4) 38.1(4) 36.3(4) 31.7(4) 35.7(4) 29.0(4) 31.3(4) 
FW  33.3 10.3 3.0 9.0 1.6 8.9 2.3 10.9 2.3 
SUM 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 
Weighed loss-
600°C / %  
(stopped hydration)  
- 24.0 31.3 25.3 32.7 25.4 32.0 23.4 32.0 
$Overall amount of cement crystalline minor phases: C4AF, CS, CaTiO3 and MgO. 
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Supplementary Information 
Tailored setting times with high compressive strengths in bassanite calcium 
sulfoaluminate eco-cements 
M. García-Maté1, D. Londono-Zuluaga1, A. G. De la Torre1, E.R. Losilla1, A. Cabeza1, M. A. G. 
Aranda1,2 and I. Santacruz*,1 
1 Departamento de Química Inorgánica, Cristalografía y Mineralogía, Universidad de Málaga, 
29071-Málaga, Spain 
2 CELLS-Alba synchrotron, Carretera BP 1413, Km. 3.3, E-08290 Cerdanyola, Barcelona, Spain 
 
Fig. S1. Rietveld LXRPD plot (λ=1.54 Å) for the anhydrous cement. 
Fig. S2. Rietveld LXRPD plot (λ=1.54 Å) for the paste prepared with 0.10 wt% of polycarboxylate 
at 1 day. 
Fig. S3. Rietveld LXRPD plot (λ=1.54 Å) for the paste prepared with 0.15 wt% of tartaric acid at 1 
day (a), and 7 days (b) of hydration. 
Fig. S4. Rietveld LXRPD plot (λ=1.54 Å) for the paste prepared with 0.30 wt% of phosphonic acid 
at 1 day (a), and 7 days (b) of hydration. 
Fig. S5. SEM micrographs of fracture surfaces of PC (a) and PA (b) pastes at 1 day of hydration. 
 
Table S1. X-ray fluorescence analysis for both raw materials (CSA clinker and gypsum). 
  
* Corresponding author. Tel.: +34952131992; fax: +34952131870. E-mail: isantacruz@uma.es 
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 Fig. S1. Rietveld LXRPD plot (λ=1.54 Å) for the anhydrous cement. 
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Fig. S2. Rietveld LXRPD plot (λ=1.54 Å) for the paste prepared with 0.10 wt% of polycarboxylate 
at 1 day. 
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 Fig. S3. Rietveld LXRPD plot (λ=1.54 Å) for the paste prepared with 0.15 wt% of tartaric acid at 1 
day (a), and 7 days (b) of hydration. 
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 Fig. S4. Rietveld LXRPD plot (λ=1.54 Å) for the paste prepared with 0.30 wt% of phosphonic acid 
at 1 day (a), and 7 days (b) of hydration. 
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 Fig. S5. SEM micrographs of fracture surfaces of PC (a) and PA (b) pastes at 1 day of hydration. 
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Table S1. X-ray fluorescence analysis for both raw materials (CSA clinker and gypsum). 
 
 CSA (wt%) Gypsum (wt%) 
CaO 41.97 31.20 
Al2O3 33.80 0.37 
SO3 8.80 42.40 
Fe2O3 2.37 0.12 
SiO2 8.20 0.73 
MgO 2.73 0.10 
K2O 0.25 0.05 
TiO2 1.50 - 
SrO 0.15 2.38 
P2O5 0.13 0.44 
ZrO2 0.07 - 
Na2O <0.08 0.20 
LoI - 22.00 
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